INTRODUCTION
Superphosphate has been, and still is, the principal phosphorus fertiliser used in New Zealand. About 4 million ha are topdressed in the North Island and 2 million in the South Island. Diammonium phos phate, triple superphosphate, and other imports rontain less than 0.5% of the P applied. Fortunately, the calcium sulphate in superphosphate has prevented sulphur defi ciency on free-draining soils becoming serious. Now that the signifi cance of S is recognised (Ludecke 1969; Metson 1969) , widespread defi ciencies .:aused by the use of fertilisers lacking S are less likely to arise. N, P, and K are registered under the New Zealand Fertilisers Act, 1960, but not S.
In 1956-57 (N.Z. Ministry of Agriculture and Fisheries 1970/71) the fertiliser industry used 100 000 tonnes of S in making superphosphate, and elemental 5 was fi rst recorded as an additive, 3 tonnes being used in the South Island. By 1965---66 190 000 tonnes of S were used in superphosphate manufacture, and an additional 13 000 tonnes of elemental S were used in the South Island in fortifying mixtures. In 1972-73, 2.1 million tonnes of superphosphate in a total of 2.5 million tonnes of fertiliser supplied about 210 000 tonnes (155 000 tonnes in the North Island: 75 000 tonnes in the South Island) of S. Elemental S use increased to 19 000 tonnes, 3000 tonnes being :Jpplied principally to free-draining soils in the central plateau of the North Island. In addition 6200 tonnes of S as imported ammonium sulphate and small amounts as K, Cu, and other sulphates are annually applied, approximately 60% being used in the South Island.
Large areas in both islands are S defi cient when topdressed in autumn because of their low S reten tivity and high winter rainfall (Hogg 1965; Hogg & Toxopeus 1966) . Topdressing with ground spreading equipment in late winter or early spring may not be feasible due to the state of the ground. Because the South Island contains a larger area of these soils, all four fertiliser works manufacture S-fortifi ed super pnosphate. In the North Island, S-responsive areas are mainly the central plateau pumice country and areas of Northland, and four of the eight works fortify the superphosphate with S. This paper shows how granulation retards the solution of calcium sulphate both from superphos phate and more particularly from S-fortified super phosphate in which the elemental S is also less mobile because much less surface is exposed to bacterial oxidation. When S is added to the super phosphate either before granulation or at dispatch, its particle size does not change appreciably, whereas when it is added to the Broadfield mixer, either as a liquid or a solid, it recrystallises as much fi ner par ticles. For example, Australian work (Weir 1970) showed that when molten and solid S were added to the mixer over 60% and 40% of it respectively was fi ner than 150 µm in the superphosphate mixture. whereas dry mixes contained only about 10% of this fine fraction. Currently S is added to the mixer by the Bay of Plenty Co-operative Fertiliser Co. Ltd and the Southland Co-operative Phosphate Co. Ltd.
The aim of this trial was to study the uptake of P and S from superphosphates in granular and powder forms by New Zealand white clover (Tri jolium repens L. 'Grasslands Huia') on two soils and the movement of these nutrients into the drainage. Both soils were sampled to about 20 cm, or a plough furrow depth.
EXPERIMENTAL
Glazed earthenware crocks with centre drainage hole and holding about 4.5 litres of soil, 18.5 cm diameter, 17.5 cm deep, with 269 cm 2 soil surface area were used for Hurunui soil, the corresponding measurements for Oruanui soil pots being 9 litres, 22.4 cm, 23 cm, and 394 cm 2 . Funnels cut flush with the bottom of the crocks were cemented in, glass wool was placed in the funnel, and the opening was then covered with a 1.7 mm stainless steel screen. Leachates were collected in glass containers to which chloroform was added to prevent algal and fungal growth and stored in opaque plastic containers until analysed.
Hurunui soil was sieved through a 12.5 mm screen which removed more than 30% of stony material r,rnch of which was placed in the bottom of the crocks. Oruanui was sieved through a 6 mm screen to remove larger pieces of pumice and roots. The oven-dry weights of soil used were 4.36 kg (Hurunui) and 4.99 kg (Oruanui), the latter having a much luwer bulk density. The soils were in fact moist when placed in the crocks.
The chemical properties of the two soils (Table 1) show that Hurunui soil was very low in available S with large reserves of total S and P. S retention was very low and P retention medium. Oruanui had adequate supplies of available S initially, and was extremely P deficient. S retention was low and P retention medium. A llophane, and/or pumice, appears to retain S0 4 2-strongly as well as P04 3 -, which may explain why Oruanui is well supplied with adsorbed S, possibly derived from geothermal activity.
Clover was used as the indicator crop because of possible problems arising from adding large amounts of fertiliser N to maintain adequate grass growth. because these may have affected the movement of :he P and S and eventually K and Ca.
The clover was harvested at about 5-weekly intervals by cutting at 15 mm above the soil. Clip pings were not returned to the pots. The clover was oven dried and analysed for P and S by X-ray iluorescence to study the amounts of fertiliser P and S removed. N, K, Ca, Mg, Na, Zn, Cu, B, and Mo were also determined.
The same amount of water could not be added to each pot because of differences in growth between different fertiliser treatments, so the same amount of leachate was collected instead. For each of 10 harvests and leach cycles during the year, this amounted to 25 mm through the Hurunui soil and 36 mm through the Oruanui. Treatment 3 contained this amount of S in the elemen tal form. Treatments 7-10 contained, in addition to the calcium sulphate in the superphosphate, approxi mately 2.5 times this amount of elemental S. The tutal S addition in treatments 7-10 was about equal to that in 2800 kg/ha of superphosphate. Elemental S, powder and granules, was used to balance S in treatments 7-10. Monocalcium phosphate (MCP) was used to balance P in treatments 4-12.
The clover was sown on 29 March 1972, and after one crop in late May (harvest 0) the Hurunui soil was topdressed on 1 June and the Oruanui on 6 June. Harvest 10 was obtained from the Hurunui soil 011 27 June and from the Oruanui on 2 July 1973. During the same period 11 leaching cycles were completed, the first leachates being half the amounts at half the time intervals of the 9 subsequent ones. Major and minor nutrients (K, Mg, Ca, Cu, B, Zn) were applied as herbage analyses intimated actual or likely defi ciencies. ]\fo and dieldrin prills were applied when the clover seed, which was inoculated with Rhiwbia, was sown.
RESULTS

Yields of clover
Although with the powders a quicker response in the fi rst two harvests (Figs 1, 2) was obtained from both soils, granulation usually increasc:d total yields (Table 3 ). The low yield of the control reflected the low fertility of Oruanui, although the volume of soil used was twice and the surface area 1.45 times that of the Hurunui. The highest yield on a surface area basis from Hunmui was about 26 000 kg/ha dry matter, and from Oruanui 16 000 kg/ha. At an aver age of 4.25% N these yields represent the fi xation of 1100 kg/ha and 680 kg/ha of N.
Hurunui --Clover yields with P alone (MCP) did not differ signifi cantly from control (Table 3) , which followed the MCP line in Fig. 1 , whereas S alone. .. either as gypsum or elemental S, gave significantly greater yields. S was not released rapidly enough from this soil, which is well supplied with total S as well as P, to give optimum yields. In harvest 1, gypsum, due to its greater solubility, was superior to elemental S, but after that the two forms of S were not significantly different.
The best yields were obtained with treatments con taining both P and S, yields after harvest 3 being lower from those lacking P. Both powdered and granulated forms of S-fortified superphosphate were '. ,ignificantly better than the S-only materials. The different ways in which the extra S was added to the superphosphate in treatments 7-10 did not signifi- rantly influence yield. Apart from harvest 1, when [he powdered superphosphates gave more dry matter than the granulated, there were no significant differ ences, and yields from the granulated molten mix S fortified superphosphate were often higher.
Oruanui -Whereas the Hurunui soil did not re lease S sufficiently rapidly for optimum yields, Oruanui was grossly P deficient. Yields from the two S-only treatments initially were not significantly different from control, or one another, because this soil was not S deficient early in the trial. In harvests :i and 6 gypsum did give greater yields over elemental S. probably due to the Jack of Ca in this soil and the possible acidifying effects of the S. Because Ca kvels in the herbage were declining, limestone was applied in early April 1973. There was no difference between MCP and the wperphosphates until harvest 4 (Fig. 2) , when MCP yields fell relative to the P + S fertilisers, showing that S became limiting or deficient relatively soon. As with the Hurunui soil, the mode of addition of elemental S in fortifying superphosphate did not affect yields, nor did granulation have an adverse effect at the rate of fertiliser addition used in this tnal.
Nutrient requirements of the clover
Phosphorus -Because less P was available in
Oruanui soil, clover grown on it contained much Jess P (Fig. 3) . Gypsum alone did not markedly change P levels on this soil, which was adequately supplied with S, whereas on S-deficient Hurunui soii gypsum alone lowered P levels below those of the control clover. With the increase in growth in overcoming the S deficiency, P supplies were heavily drawn on and P became the limiting factor, although levels remained higher than in clover grown on Oruanui without P.
Application of P alone ( MCP) on Oruanui soil zave a large increase in P level in the clover, similar lo the increase due to superphosphate, whereas on tlurunui soil MCP alone increased P level much more than superphosphate, because the lack of S limited growth with resulting luxury uptake of P. This effect also appeared on Oruanui soil in the later harvests as S was used up and so became more of a limiting factor. The amounts of P removed in dover growth during the year are given in Table 4 .
By subtracting the soil contributions. indicated by treatments 1 and 2 as appropriate, the amounts of fertiliser P taken up were calculated. Because S restricted growth on Hurunui soil, only 24% of the P m the MCP treatment was taken up by the clover. the greater P concentration in the herbage failing to make up for the low yield.
Superphosphates. 
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Clover Crop Number powdered and granulated, normal and reverted, supplied about 36% and S-fortifi ed superphosphatcs 42% of their P to the herbage on this soil. Because P was the main limiting factor on Oruanui soil, all P treatments behaved similarly and supplied about 43% of their P to the clover except lime super phosphate (51 % ) . Soil P accounted for over half the P removed from Hurunui and only about one sixth that from Oruanui soil.
Sulphur -The control treatment clover from Hurunui soil was low in S ( < 0.2%) , concentrations being similar to those from MCP (Fig. 3) , indicating S deficiency. A patite was a source of P in this soil: consequently gypsum and elemental S increased clover S only slightly more than the large increases from supcrphosphate. S-fortified superphosphates in creased S to very high levels. which then declined steadily. These effects were not as marked on Oruanui soil. which was not S deficient.
Uptake of S is shown in Table 5 , and, as for P, the soil contributions (Treatments l or 4) are deducted in calculating the uptake of fertiliser S. Although there were no significant differences in yield between normal and S-fortified superphosphate, the much higher S concentrations in the clover grown on Hurunui soil with fortified mixtures re sulted in higher total uptake of S.
On Hurunui soil 43% of the powdered superphos phate S was used by the clover, 40% from gypsum, and 32% from the elemental S. Granulated super phosphate supplied 52%, because less was leached (Table 5 ) . More S was taken up from the S fortified superphosphates than from granulated super phosphate, but it was only 20% of the greater quan tity of S in these treatments. A third to a quarter of the S used by the clover came from the Hurunui soil and three-quarters from Oruanui. Consequently on TABLE 4 --Crop uptake of P 
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Oruanui soil only 5-13% of the fertiliser S was used for clover growth.
Mo vement of nutrients by leaching
Phosphorus -Measurement of orthophosphate in the water samples collected after percolation through the soil by the molybdenum blue method using ascorbic acid reduction in the presence of antimony tartrate (Alexander & Robertson 1970) showed no leaching of fertiliser P, which illustrates the P retention capacity of these soils.
Sulphur -S was determined by the barium sulphate turbidimetric procedure adapted to the Auto-analyzer (Sinclair 1973 ) with prior treatment of organic matter by overnight oxidation with hydro gen peroxide. Although calcium sulphates are less soluble than monocalcium phosphate, sulphate was much more mobile than phosphate, particularly from Hurunui soil, and concentrations of S in the leachates are shown for key treatments in Fig. 4 . The total losses of S by leaching are given in Table ' 5, and fertiliser losses are calculated by subtraction of the soil contri bution.
From Hurunui soil the highest concentrations were m the leach water from the powdered S-fortified superphosphate, particularly that made by adding molten S to the Broadfield mixer. The S recrystal lises in a more finely divided state (Weir 1970 ) than the minus 4 mm S in treatment 3 or the minus 1 mm S in treatment 7, and so is readily oxidised and washed away. The concentrations from powdered superphosphate were not so high, although higher than from gypsum, possibly because of the coarser particle size of the latter and/or because of preferen tial adsorption of phosphate ions. Only 1 % of the elemental S was leached. Granulation of super phosphate and S-fortified superphosphate greatly re duced leaching without reducing clover yield. Leach ing was less from the granulated molten S-fortified superphosphate (Treatment 10) than from the dry mix (Treatment 8) , indicating that the very fine S crystals are bonded into a fairly stable matrix by granulation.
Only from the gypsum and the powdered super phosphate treatments was more S leached from Oruanui soil than from control. In contrast to Hurunui soil, more S was leached from gypsum than from superphosphate on this soil, because without P the clover growth was insufficient to use the available S, which therefore was leached. The Joss of S from Oruanui control pots was higher than from Hurunui, reflecting the greater growth of clover on the Hurunui pots, which absorbed the small amount of available S indicated by the soil analysis.
On Hurunui soil 50% of the S in powdered super phosphate was leached, which, combined with the 43% used in clover growth, left little for future crops. By comparison only 1 7% was leached from granulated superphosphate, so that a greater amount was used by clover, but 3 1 % was still left for the future.
Amounts of S leached from the treatments with the fortified mixtures were large, but because of their greater S content these treatments still contained plenty of fertiliser S. Leaching was so reduced by granulating the molten S-fortified superphosphate that 70% of the fertiliser S remained in the Hurunui pots at the end of the year and 95% in the Oruanui ones.
Reversion of the monocalcium phosphate in super phosphate with serpentine or lime to less soluble magnesium or dicalcium phosphate reduced leaching of S. On Hurunui soil it decreased from 50o/c to 41 % with serpentine and to 44% with lime, and on Oruanui soil from 10% to 5% with lime.
Potassium -The clovers used more K from Hurnnui soil than was applied, and leaching for all treatments was similar and less than 0.4% of that applied (Table 6 ) . Even though growth was re stricted by P and S deficiencies in treatments 1-4, the higher concentrations of K in these clovers helped to keep K uptakes fairly even. On Oruanui soi l. however, growth was so retarded on the treatments not containing P that about 6% of the K moved into Nitrogen -The fixation of up to 1 100 kg/ha of N by the clover on the best Hurunui treatments and 680 kg/ha on the best Oruanui ones, and the removal of this during the 10 harvests, did not result in any N passing into the leachates. N03-measurements of N in the leachate were made by reduction to N02-and colour development with sulphanilic acid and a-naphthylamine. NH4 + was measured by A uto analyzer colour development with salicylate and cyanurate, but levels were always less than 0.01 ppm.
DISCUSSION
The results from both soils agree generally with those of Williams (1970) , who found that particle size influenced yield of dry matter, P and S uptake, and leaching. A t the rates used by Williams in one instance (125 and 250 kg/ha superphosphate) coarser granules gave lower yields because there was only one of the large (2.8 x 5.6 mm) uniform granules per 100 cm 2. Williams showed that plants more than 2.5 cm away had little benefit from the fertiliser.
The Fertiliser Manufacturers' Research A ssociation granulated material ranging from 1-4.75 mm was applied at 3-5 times the rate of P and S used by Williams. In the S-fortifi ed treatments 7-10 very high applications of elemental S -about equal to lhe S in 1 tonne of superphosphate -were also made, so the total S application was 7-15 times those of Williams. Our experiments complement his in that sufficient P and S was always available from the large number of granules applied to produce optimum yield. Furthermore, aerial and ground top dressing experience suggests that a range of particle sizes promotes more uniform spread of fertiliser. The large amounts of fertiliser used in our trial are similar to those used in developing certain soil types in the North Island, but they are considerably higher than are generally applied to Hurunui and other soils in the South Island.
The loss of less S by leaching from the granules than from the powders was undoubtedly because ex traction o, f the S in the crops balanced the lower rate of solution of the S in the granules. Granulation reduced the surface exposed to the soil solution and, ,n the case of elemental S, bacterial action. Particle size effects were also observed in the slower solution from coarser elemental S and gypsum powders com pared with the S in the molten S-fortifi ed super phosphate and calcium sulphate in superphosphate. For Hurunui soil the larger amounts of S lost from superphosphate than from gypsum may be a function :if particle size as well as the preferential absorption of P04 3 -to S04 2 -.
A lthough the removal of all herbage in this trial may reduce nutrient losses, in pradice the return of nutrients in the dung and urine may for P, and to some extent for S, reduce leaching, because these dements would then be in an organic form and so unable to move directly into solution. Losses of dissolved K, and to a lesser extent S, in urine may mcrease, because the rate of application of N, K, and S in urine patches would be similar to those used in this trial but many times that in maintenance topdressing.
The low S retention values of both soils as measured by the MA F chemical absorption tests do not explain the high retention of sulphate by the Oruanui soil, although the S retention value for Hurunui would be lower than indicated because of the very high ( -50%) stones content ( > 2 mm) of the sample used in this trial. One contributing factor may be that during the trial the Oruanui soil was building up organic matter as the level of fertility was being increased, whereas the Hurunui soil had probably reached equilibrium, as is implied by the high total S and organic P figures, and any build-up was probably accompanied by decomposition. Evidence for the increase in fertility of the Oruanui soil is that control yielded one-twelfth the dry matter of Hurunui soil in the first harvest of the trial com pared with one-third the total for 1 year's growth of clover. A nother probable infl uence is the different moisture holding capacities of the soils ( Table 1) , which were about 30% for Hurunui and 1 20% for Oruanui, which has a low bulk density because it is made up of porous pumice. Therefore, each leachate repre sents a much smaller fraction of the total water in the Oruanui pots, and the concentration of S in the lP.achate is less (Fig. 4) .
The high rates of fertiliser application in this trial emphasise the slowness of P movement through both soils, although Hurunui was not P responsive initially. The movement of S through Hurunui soil is greater than through Oruanui, so the implication is that the mechanism for S retention cannot apply to P. A part from the internal pore space, the principal difference between the two soils was the type of clay present. The higher available P in Hurunui could come from the breakdown of organic matter, although this soil was also higher in inorganic P, chiefly apatite, which would supplement the other forms of P.
Total harvest weights and P uptakes were higher on Hurunui soil in spite of the smaller pot size, and consumption of fertiliser P was about 40% for both soils. However, clovers grown on Hurunui soil used a much greater amount of fertiliser S than on Oruanui. This implies that the large organic matter reserve in Hurunui soil was not supplying much P or S, and also that the adsorbed S in Oruanui was readily available for clover growth. A lthough up takes of P and S have been calculated only for the clover tops, some would be used in building root ,ystems, but once the roots were established this amount would remain constant for most of the trial. A lso rooting systems were well developed even in the control pots, and much of their P and S could be accounted for as soil P and S.
In a study of the dip in the Hurunui yields shown in harvests 2 and 3 (Fig. 1) , the trial was repeated in 1973, the only difference being the earlier re topdressing of potassium chloride before harvest 2 instead of before harvest 3. The main effect was to shift the dip from harvest 2 to harvest 3, although again herbage analysis did not indicate that K was short. Low night temperatures may also affect growth on Hurunui soil more than on Oruanui soiL because the latter has a much greater capacity for holding water, which would act as a heat store over night. With Oruanui, the main effect was to obtain a steeper slope to the yield curves.
It is intended to continue the trial by topdressing all P and S treatments with maintenance dressings of granulated superphosphate (treatment 5) and study the residual P and S effects of the first year's top dressing. CONCLUSIONS 1 . A t the rate of fertilisers and the range of particle sizes used there were no significant differences between the powdered and granulated material in total herbage production. 2. Similarly, there were no signifi cant differences between ordinary superphosphate and the S-forti fi eld materials in dry-matter production. 3. On soils with low S-retention capacity use of powdered fertilisers was likely to lead to large losses of S by leaching. For calcium sulphate fertilisers granulation greatly reduced leaching losses. Losses with elemental S were also reduced by granulation or by the use of coarser S. 4. On S-deficient soils use of phosphates alone would give greatly reduced yields, as would S alone on phosphate-deficient soils. 5. Use of S alone to correct S defi ciency would run the risk of reduced yield in time due to insufficient P. The converse, namely the use of superphos phate, would apply on P-deficient soils, which would ultimately become S defi cient. 6. Unlike S, there was no movement of P into leachates during the trial, which indicates little likelihood of P enrichment of natural waters by this pathway.
